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AERONAUTICAL COMBUSTOR &
COOLING METHOD
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IN SOME AEROSPACE APPLICATIONS, VARIABLE SECTION HOLES ARE USED, CALLED

SHAPED HOLES, TO INCREASE THE COMBUSTION CHAMBER COOLING.

HOT SIDE

COLD SIDE
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THESE ONES ARE COMPOSED OF TWO PARTS:

➢ METERING HOLE: IT REFERS TO THE CYLINDRICAL SECTION OF

THE HOLE

➢ DIFFUSER: SECTION OF THE HOLE THAT CONTAINS THE

DIVERGENT SHAPE. IT IS ON THE EXIT SIDE OF THE AIR PATH AND

IT IS USED TO SPREAD, OR DIFFUSE, A FILM OF AIR OVER THE

COMBUSTION CHAMBER WALLS

5

HOT SIDE

COLD SIDE



AIMS
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THE AIMS OF THIS THESIS ARE :

• DEVELOP AND ASSESS PROCEDURES AND METHODS TO PRODUCE SHAPED HOLES WITH AN ASSIGNED

GEOMETRICAL AND METALLURGICAL REQUIREMENTS, BY INVESTIGATING THE EFFECTS OF DRILLING PROCESS

PARAMETERS

• MINIMIZE THE WORKING TIME

• DESIGN A TEST-CASE TO PRODUCE SHAPED HOLES ON AXIAL-SYMMETRICAL COMPONENTS BY DRILLING ON FLY

(DOF) TECHNIQUE

• INVESTIGATING THE POSSIBILITY TO PRODUCE THE SAME SHAPED HOLES BY DRILLING FROM THE OPPOSITE SIDE
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SHAPED

HOLES

STATE OF THE ART; EXPERT

KNOWLEDGE; TRIAL TESTS

DESIGN OF EXPERIMENTS

(DOE)

EXECUTION OF

EXPERIMENTAL AND

MEASURING CAMPAIGN
STATISTICAL ANALYSIS

AND TECHNOLOGICAL

INTERPRETATION

SYSTEMATIC APPROACH FOR

EXPERIMENTAL ENGINEERING
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SHAPED HOLE CONFIGURATIONS
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• METERING SECTION AXIS SLOPE – α

• METERING SECTION DIAMETER – Di

JOB2

*NUMERICAL VALUES HAVE BEEN HIDDEN

• DIFFUSER WIDTH – W

• DIFFUSER ANGLE – β

• DIFFUSER DEPTH – De

SH CHARACTERISTIC PARAMETERS:

HOT SIDE

COLD SIDE



LASER PULSED DRILLING METHODS
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DIFFERENT DRILLING METHODS CAN BE USED TO PRODUCE SHAPED HOLES.

TO OPTIMIZE THE SHAPED HOLE QUALITY WHILE MINIMIZING THE PRODUCTION

TIME PER SINGLE HOLE IT WAS DECIDED TO PERFORM:

TREPANNING:

SLOWER BUT HIGHER ACCURACY

PERCUSSION:

FASTER BUT LOWER ACCURACY

• PHASE 0 BY PERCUSSION

• PHASE I BY PERCUSSION

• PHASE II BY TREPANNING

• PHASE III BY PERCUSSION

HOT SIDE

COLD SIDE



EXPERIMENTAL EQUIPMENT AD

MATHERIAL
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LASERDYNE 811 (1200/12000 LS)
• WORK AREA

X 600 MM – Y 600 MM – Z 600 MM

BEAMDIRECTOR®: C 900° – D 300°

• AXIS SPEED

X, Y, Z: 50 M/MIN

BEAMDIRECTOR®: 90 RPM

• LASER SOURCE

QCW 1200/12000 W PULSED FIBER LASER

• SYSTEM 94P INTERFACE

• SPECIAL FEATURES

OFC

PSC

• ASSIST GAS

INERT, REACTIVE

PART SURFACE CONTROL

OPTICAL FOCUS CONTROL

MATERIAL: HAYNES 188 TBC COATED

C Mn Si Cr Ni W La B Fe Co

MIN [%] 0,05 — 0,20 20,0 20,0 13.0 0,02 — — Bal

MAX [%] 0,15 1.25 0,50 24.0 24.0 16.0 0,12 0,015 3.0 Bal

YELD STRENGTH

[MPa]

TENSILE STRENGTH

[MPa]

ELONGATION AT

BREAK [%]

446 963 55



MEASURING INSTRUMENTS
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CYLINDRICAL

HOLE

SHAPED

HOLE

X-RAY ANALYSIS

Real hole section

Equivalent diameter

PNEUMATIC GAUGE

width

diffuser

angle

CYLINDRICAL HOLE SHAPED HOLE

DIGITAL MICROSCOPE



EXPERIMENTAL ACTIVITY
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EXPERIMENTAL FACTOR CONTROL/CONSTANT N° OF LEVELS LEVELS*

FEEDRATE, Rf CONTROL 2 -1; 1

PEAK POWER, Pp CONTROL 2 -1; 1

FREQUENCY, f(Pp) CONTROL 2 -1; 1

PULSE WIDTH, Wp(f) CONTROL 6 -3; -2; -1; 1; 2; 3

ASSIST GAS TYPE, G CONTROL 2 -1; 1

ASSIST GAS PRESSURE, Pg CONSTANT 1 k

AVERAGE POWER, Pa VARIABLE 1 q; p

*LEVELS HAVE BEEN CODED

FACTORIAL NESTED

𝑃𝑎 = 𝑃𝑝 ∙ 𝑓(𝑃𝑝) ∙ 𝑤𝑝(𝑓)

f(Pp)
Wp(f)

Pa

Pp

TIME

IN
T

E
N

S
IT

Y

JOB1: 25 × 4 = 128 HOLES JOB2: 24 × 4 = 64 HOLES



EXPERIMENTAL ACTIVITY
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1GEOMETRICAL ANALYSIS



GEOMETRICAL ANALYSIS
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1GEOMETRICAL ANALYSIS

ANOVA

MAIN EFFECTS PLOTS

NESTED EFFECTS PLOTS

INTERACTION PLOTS
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RESPONSE VARIABLE MEASURING METHOD MEASURING OPERATORS

METERING SECTION DIAMETER

DIGITAL MICROSCOPE 1 (OP.1/OP.2)

PNEUMATIC GAUGE 3 (OP.1; OP.2; OP.3)

X-RAY 3 (OP.1; OP.2; OP.3)

DIFFUSER WIDTH
DIGITAL MICROSCOPE 2 (OP.1/OP.2; OP.3)

X-RAY 3 (OP.1; OP.2; OP.3)

DIFFUSER ANGLE
DIGITAL MICROSCOPE 2 (OP.1/OP.2; OP.3)

X-RAY 3 (OP.1; OP.2; OP.3)

DIFFUSER DEPTH X-RAY 2 (OP.1; OP.2)

JOB1 JOB2

GEOMETRICAL ANALYSIS
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JOB1 JOB2

GEOMETRICAL ANALYSIS



Source DF Adj SS Adj MS F-Value P-Value

Operator 2 45,195 22,598 31,35 0,000

Assistant gas 1 262,351 262,351 363,98 0,000

Feedrate 1 0,388 0,388 0,54 0,464

Peak Power 1 1,238 1,238 1,72 0,191

Operator*Assistant gas 2 7,957 3,978 5,52 0,004

Operator*Feedrate 2 1,723 0,862 1,20 0,304

Operator*Peak Power 2 0,693 0,347 0,48 0,619

Assistant gas*Feedrate 1 5,802 5,802 8,05 0,005

Assistant gas*Peak Power 1 6,720 6,720 9,32 0,002

Feedrate*Peak Power 1 0,282 0,282 0,39 0,532

Frequency(Peak Power) 2 0,651 0,326 0,45 0,637

Operator*Frequency(Peak Power) 4 0,816 0,204 0,28 0,889

Assistant gas*Frequency(Peak Power) 2 0,321 0,161 0,22 0,800

Feedrate*Frequency(Peak Power) 2 0,159 0,079 0,11 0,896

Pulse Width(Peak Power; Frequency) 4 10,735 2,684 3,72 0,006

Operator*Pulse Width(Peak Power; Frequency) 8 4,378 0,547 0,76 0,639

Assistant gas*Pulse Width(Peak Power; Frequency) 4 3,001 0,750 1,04 0,386

Feedrate*Pulse Width(Peak Power; Frequency) 4 16,838 4,209 5,84 0,000

Error 339 244,348 0,721

Lack-of-Fit 51 22,223 0,436 0,56 0,992

Pure Error 288 222,125 0,771

Total 383

JOB1 – DIFFUSER ANGLE (X-RAY)
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Y-AXIS SCALE UNIT = 0,1 DEG

Y-AXIS SCALE UNIT = 1 DEG Y-AXIS SCALE UNIT = 0,1 DEG

*NUMERICAL VALUES HAVE BEEN HIDDEN

SIGNIFICANCE LEVEL α = 0,05



Source DF Adj SS Adj MS F-Value P-Value

Operator 2 45,195 22,598 31,35 0,000

Assistant gas 1 262,351 262,351 363,98 0,000

Feedrate 1 0,388 0,388 0,54 0,464

Peak Power 1 1,238 1,238 1,72 0,191

Operator*Assistant gas 2 7,957 3,978 5,52 0,004

Operator*Feedrate 2 1,723 0,862 1,20 0,304

Operator*Peak Power 2 0,693 0,347 0,48 0,619

Assistant gas*Feedrate 1 5,802 5,802 8,05 0,005

Assistant gas*Peak Power 1 6,720 6,720 9,32 0,002

Feedrate*Peak Power 1 0,282 0,282 0,39 0,532

Frequency(Peak Power) 2 0,651 0,326 0,45 0,637

Operator*Frequency(Peak Power) 4 0,816 0,204 0,28 0,889

Assistant gas*Frequency(Peak Power) 2 0,321 0,161 0,22 0,800

Feedrate*Frequency(Peak Power) 2 0,159 0,079 0,11 0,896

Pulse Width(Peak Power; Frequency) 4 10,735 2,684 3,72 0,006

Operator*Pulse Width(Peak Power; Frequency) 8 4,378 0,547 0,76 0,639

Assistant gas*Pulse Width(Peak Power; Frequency) 4 3,001 0,750 1,04 0,386

Feedrate*Pulse Width(Peak Power; Frequency) 4 16,838 4,209 5,84 0,000

Error 339 244,348 0,721

Lack-of-Fit 51 22,223 0,436 0,56 0,992

Pure Error 288 222,125 0,771

Total 383

JOB1 – DIFFUSER ANGLE (X-RAY)

EXPORT CONTROL CLASSIFICATION: NECT*NUMERICAL VALUES HAVE BEEN HIDDEN

SIGNIFICANCE LEVEL α = 0,05



EXPERIMENTAL ACTIVITY
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2CORRELATION ANALYSIS



CORRELATION ANALYSIS

EXPORT CONTROL CLASSIFICATION: NECT 16

• Anova

• Main Effects

2CORRELATION ANALYSIS

VERSUS OPERATORS – FIXED INSTRUMENTS

VERSUS INSTRUMENTS – FIXED OPERATORS
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VERSUS OPERATORS – FIXED INSTRUMENTS VERSUS INSTRUMENTS – FIXED OPERATORS
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CORRELATION ANALYSIS
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▪ DIFFUSER WIDTH - DIGITAL MICROSCOPE OP.1/OP.2 VS OP.3 FOR JOB1 (R2= 82.3%)

▪ METERING DIAMETER - X-RAY OP.1 VS OP.2 FOR JOB1 (R2= 81.5%)

▪ EQUIVALENT DIAMETER - PNEUMATIC GAUGE OP.1 VS OP.2 FOR JOB1 (R2= 67.0%)

MEASUREMENTS PERFORMED BY THE SAME OPERATOR WITH DIFFERENT INSTRUMENTS

NEVER RESULTED CORRELATED (MAX CORRELATION COEFFICIENT WAS ABOUT 45%) 

18

CORRELATION ANALYSIS

VERSUS OPERATORS – FIXED INSTRUMENTS VERSUS INSTRUMENTS – FIXED OPERATORS



EXPERIMENTAL ACTIVITY
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3METALLOGRAPHIC ANALYSIS
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3METALLOGRAPHIC ANALYSIS

MICROCRACKS

PITTING

RECAST LAYER

METALLOGRAPHIC ANALYSIS



METALLOGRAPHIC ANALYSIS
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IT IS CRUCIAL TO ENSURE THAT INTERNAL SURFACES OF THE PRODUCED HOLES DO NOT SHOW

UNACCEPTABLE DEFECTS IN TERMS OF METALLURGICAL QUALITY THAT MAY UNDERMINE THE

EFFECTIVENESS OF THE COOLANT FLOW.

METALLURGICAL REQUIREMENTS PRESCRIBE LIMITS REGARDING THE SIZE OF:

• MICROCRACK

• PITTING

• RECAST LAYER

MICROCRACK

RECAST LAYER

PITTING
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I 2 2 0

II 5 7 1

III 0 3 0

IV 0 1 0

V 1 0 0

VI 6 2 0

VII 0 0 0

VIII 1 3 1

IX 1 2 1

X 2 4 1

XI 0 2 0

XII 2 0 1

XIII 0 0 2

XIV 2 4 0 XXX 2 6 2 XIV 0 2 0

XV 2 3 0 XXXI 1 3 3 XV 0 2 0

XVI 2 2 0 XXXII 0 7 2 XVI 1 4 1

XXVI 2 8 6 X 0 2 0

XXVII 2 2 3 XI 1 1 0

XXVIII 1 3 6 XII 0 3 0

XIX 0 3 1 XIII 0 5 0

XVII 0 1 2

XVIII 1 12 6

XIX 0 2 3

XX 0 3 6

XXI 0 2 1

XXII 3 5 2

XXIII 0 5 2

XXIV 1 7 2

XXV 0 1 1

I 1 3 1

II 0 2 0

III 0 1 0

IV 1 3 0

V 2 2 0

VI 0 3 0

VII 0 0 0

VIII 0 1 0

IX 0 1 0

QUASI-COMPLIANT → FURTHER INVESTIGATION REQUIRED

NON INERT ASSIST GAS INERT ASSIST GAS NON INERT ASSIST GAS

TREATMENT MICROCRACKS PITTING RECAST LAYER TREATMENT MICROCRACKS PITTING RECAST LAYER TREATMENT MICROCRACKS PITTING RECAST LAYER

JOB1 JOB2

COMPLIANT → SELECTED AS BEST TREATMENT

METALLOGRAPHIC ANALYSIS: 
SUMMARY OF RESULTS



BEST TREATMENTS REPLICATION
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JOB1 JOB2

VII 0 0 0 VII 0 0 0

IV 0 1 0

XI 0 2 0

XIII 0 0 2

III 0 1 0



SHAPED HOLES - COLD SIDE
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SHAPED HOLES MANUFACTURING METHOD CURRENTLY ACHIEVES THE HOLES BY LASER DRILLING PROCESS FROM THE HOT

SIDE TO THE COLD SIDE.

IN PARTICULAR TYPES OF COMBUSTORS IT IS IMPOSSIBLE TO HAVE A

COMPLETE ACCESS FOR TYPICAL LASER NOZZLE TO THE DRILLING

ZONE, SO IT RESULTS IMPOSSIBLE TO PRODUCE THE SHAPED HOLES.

A DEFINITIVE SOLUTION IS TO DRILL THE HOLE FROM THE COLD

SIDE TO THE HOT SIDE (SHAPED HOLES - COLD SIDE).

THIS WOULD HAVE A SIGNIFICANT BUSINESS IMPACT ALLOWING TO

DEVELOP A NEW GENERATION OF SMALL COMBUSTION CHAMBERS

WITH INVERTED FLOW.

HOT SIDE

COLD SIDE



SHAPED HOLES BY COLD SIDE –
TRIAL TESTS
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A SET OF TRIAL TESTS WAS PERFORMED, BY MODIFYING THE DEFOCUS SETTING AND THE STANDARD PART PROGRAM,

RETURNING PROMISING RESULTS AND CONFIRMING THE POSSIBILITY TO ACHIEVE COMPLIANT SHAPED HOLES FROM THE COLD

SIDE.
PLATE 1 PLATE 2
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CLASSIC SHAPED HOLES SHAPED HOLES – COLD SIDE

25

SHAPED HOLES BY COLD SIDE –
TRIAL TESTS



CONCLUSIONS AND FUTURE

DEVELOPMENTS
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FUTURE DEVELOPMENTS SHOULD BE FOCUSED ON:

• BRINGING OFF THE VALIDATION OF LASER DRILLING PROCESS FOR THE PRODUCTION OF SHAPED HOLES

(CONFIRMATORY TESTS, FLUSHING TEST, TOMOGRAPHY, …)

• IDENTIFYING AND VALIDATING THE MOST SUITABLE EXPERIMENTAL SETUP TO PERFORM PHASE III

• INVESTIGATING THE POSSIBILITY TO PRODUCE SHAPED HOLES ON AXIAL-SYMMETRICAL COMPONENTS

BY DRILLING ON FLY (DOF) TECHNIQUE

• MASTERING THE MANUFACTURING TECHNIQUE FOR THE PRODUCTION OF SHAPED HOLES - COLD SIDE

PERFORMED EXPERIMENTS ALLOWED TO:

• EVALUATE THE EFFECTS OF LASER PARAMETERS ON THE ACHIEVABLE GEOMETRICAL AND METALLURGICAL

FEATURES OF SHAPED HOLES PRODUCED

• EVALUATE THE CAPABILITY OF THE AVAILABLE MEASURING INSTRUMENTS/TECHNIQUES

• IDENTIFY AND VALIDATE THE MOST SUITABLE EXPERIMENTAL SETUP TO PERFORM PHASE II

• POINT OUT THE POSSIBILITY OF TWEAKING LASER PARAMETERS TO PRODUCE SHAPED HOLES - COLD SIDE
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